Background. Septic shock is common and results in significant morbidity and mortality. Adjunctive treatment with corticosteroids is common, but definitive data are lacking. We aimed to determine the efficacy and safety of corticosteroid therapy among patients with septic shock.
(older persons, patients with multiple comorbidities, and immunosuppressed patients, such as those who have undergone transplantation), we can expect the incidence of septic shock to continue to increase during the next few decades. Optimizing our treatment strategy for septic shock is therefore imperative if we hope to improve outcomes.
Septic shock invariably results in intensive care unit admission and has a reported mortality rate of 36%-61% [5] . Nevertheless, other than early and appropriate administration of antimicrobial therapy [6] [7] [8] [9] [10] , source control, organ support (including mechanical ventilation and renal replacement therapy), and perhaps, recombinant activated C in patients with Acute Physi-ology and Chronic Health Evaluation (APACHE) II scores у25 [11] , few adjunctive therapies exist that definitely improve outcomes for this devastating but common condition.
Adjunctive corticosteroid therapy is commonly prescribed to patients with septic shock, despite the fact that few randomized controlled trials have demonstrated a survival benefit [12, 13] . The most significant trial to date demonstrated a 10% reduction in 28-day mortality rates among patients with inadequate adrenal reserve who were treated with hydrocortisone and fludrocortisone (in which inadequate adrenal responsiveness was defined as a !9-mg/dL increase in serum cortisol level after the administration of 250 mg of intravenous corticotropin) [12] . A reduction in time to shock reversal was also observed. The results of this trial led to widespread corticosteroid use in patients with septic shock and inclusion of this adjunctive therapy in international practice guidelines [14] .
In 2008, the large, well-conducted Corticosteroid Therapy of Septic Shock (CORTICUS) trial was unable to reproduce this reduction in mortality [15] . Consistent with other smaller trials [12, 13] , the CORTICUS trial demonstrated a decrease in time to shock reversal (defined as maintenance of systolic blood pressure у90 mm Hg without vasopressor support for у24 h) among patients receiving corticosteroid therapy.
Although corticosteroids are generally thought to be safe, there are concerns related to immunosuppression and the potential for bacterial superinfection in patients who are already septic. Because of the uncertainty of benefit and potential for harm, we undertook a systematic review and meta-analysis to determine the safety (by incidence of superinfection) and efficacy (by 28-day all-cause mortality and incidence of shock reversal) of corticosteroid therapy among patients with septic shock.
METHODS
Literature search. We searched Medline, Embase, Cochrane Library, Web of Science, and Google Scholar for clinical trials and systematic reviews published from January 1993 through December 2008, restricting our search to English-language studies involving adults. Studies published before 1993 were excluded to limit heterogeneity caused by the considerable changes in patient population (e.g., increased age, comorbidity, and proportion of patients with immunosuppression) and time-related improvements in critical care. Early goal-directed therapy, lung-protective mechanical ventilation, routine stress ulcer and thromboembolism prophylaxis, continuous renal replacement therapy, and activated protein C have all become standard treatments during the past 15 years, resulting in a reduction in overall intensive care unit mortality.
We used the search terms "sepsis" or "septic shock" and "steroids." Multiple preliminary search strategies were explored, including the use of medical subject heading terms; however, keyword searching yielded the broadest search results. We reviewed references in previously published meta-analyses to find missing studies [16] [17] [18] [19] [20] [21] [22] [23] and contacted content experts. We considered both randomized trials and high-quality observational studies.
Study selection. Inclusion criteria were defined as adult clinical trials or rigorous observational studies of patients with septic shock, comparison of use of intravenous corticosteroids with use of placebo or control agents, and reporting of у1 of the 3 outcomes of interest. Septic shock was defined by suspected or documented clinical evidence of infection, у2 of 4 systemic inflammatory response syndrome criteria, organ hypoperfusion, and systolic blood pressure !90 mm Hg, despite fluid resuscitation or the need for vasopressors for at least 1 h.
Outcomes of interest were 28-day mortality, shock reversal at 7 days, and incidence of superinfection. Other adverse events (e.g., gastrointestinal bleeding, hyperglycemia, and hypernatremia) were not evaluated in our meta-analysis. One prespecified subgroup analysis was performed on the basis of adrenal responsiveness (corticotropin stimulation test responders vs. nonresponders).
The physiologic response to septic shock includes hypothalamic-pituitary-adrenal axis stimulation, which is thought to be an important protective survival response. Circulating proinflammatory mediators caused by sepsis may result in a state of relative corticosteroid insufficiency with reduced cortisol production and increased cortisol tissue resistance [24] . In addition, changes in corticotropin-binding globulin and free cortisol levels occur in patients with critical illness. The diagnosis of corticosteroid insufficiency in patients with septic shock is therefore complicated and should include measures of both adrenal function and peripheral cortisol resistance; however, such a test does not exist. Free cortisol level testing is rarely available, and to our knowledge, no commercially available measures of cortisol resistance exist. Therefore, the corticotropin stimulation test has historically been used as a measure of corticosteroid sufficiency based on adrenal responsiveness, even though interpretation of its results for a critically ill patient may be difficult.
Previous trials have defined patients with corticosteroid insufficiency as corticotropin stimulation test nonresponders (patients who have a !9-mg/dL increase in serum cortisol level after the administration of 250 mg of intravenous corticotropin). Responders are correspondingly defined as those who have a 19-mg/dL increase in serum cortisol level after corticotropin administration. According to biological rationale, nonresponders may benefit preferentially from corticosteroid replacement therapy, compared with responders.
Validity assessment. Study quality was assessed indepen- dently by 2 authors with use of the Cronin method [16] . The Cronin score is a previously published septic shock-specific quality score, with a maximum of 14.5 indicating the highest quality. Data extraction. Data extraction was performed using a standardized form. Two independent investigators extracted data from each article. A third investigator resolved discrepancies. For articles that presented graphical displays of KaplanMeier curves for outcomes desired but that did not have a results table, values were extracted graphically and were crossreferenced with all available data. Multiple attempts were made to contact the primary authors of studies in which data necessary for our purposes were not presented.
Sources of heterogeneity. Potential sources of heterogeneity were identified a priori. These sources included differences in corticosteroid therapy (i.e., type, dose, duration, and time from shock onset to first dose), study quality (i.e., study design, power, and completeness of follow-up), dates of publication (i.e., reflecting changes in standard of care in the treatment of septic shock over time), and proportion of corticotropin stimulation test responders and nonresponders in each study.
Statistical analysis. Crude data were analyzed using L'Abbe plots in Excel (Microsoft) [25] . When appropriate, we pooled data across studies with use of random-effects models. Heterogeneity was assessed using x 2 and I 2 statistics; t 2 was used to assess interstudy variability. Review Manager, version 5.0 (Cochrane Collaboration), was used to perform statistical analyses.
RESULTS

Description of studies.
The results of our search strategy are illustrated in figure 1 . Quality of studies and abstracted data are summarized in tables 1 and 2, respectively. A total of 837 studies were retrieved. A total of 829 were excluded because they were duplicates (70 [8.4%]), were not relevant on the basis The most common corticosteroid used was hydrocortisone (200-300 mg per day in divided doses), which was used in 7 studies. Differences in timing ranged from !8 h to several days from the time of diagnosis to treatment, and the duration of therapy ranged from 5 to 11 days. Two studies used corticosteroid infusions [26, 29] , whereas the remainder administered bolus doses. Corticosteroid therapy was tapered in 4 studies [13, 26, 27, 29] and abruptly discontinued in 3 [12, 15, 30] (data were not available from 1 study [28] ). Only 2 studies administered concomitant mineralocorticoid therapy (fludrocortisones [50 mg per day] in both) [12, 30] . Study quality varied; not unexpectedly, the 2 observational studies [28, 30] were identified as being of lower quality, compared with the randomized trials (table 1). The median Cronin quality score ranged from 11.0 to 13.0 for randomized trials.
Direct comparison of disease severity across the included studies was difficult, because multiple disease severity and/or organ dysfunction classification systems were used (Simplified Acute Physiology Score II, Sequential Organ Failure Assessment, and APACHE II score). In general, lower median disease severity scores and placebo-group mortality (28-day mortality rates, 31.5% vs. 61.1%) were observed in the CORTICUS trial [15] , compared with the previous landmark trial by Annane et al. [12] .
All-cause mortality. Overall, corticosteroid therapy did not result in a statistically significant difference in all-cause mortality (42.2% [369 of 875 patients] in the corticosteroid group vs. 38.4% [384 of 1001] in the control group; RR, 1.00; 95% CI, 0.84-1.18) (figure 2). Data on 28-day mortality were available for all but 1 study [30] , in which only in-hospital mortality was reported. When studies were arranged in chronological order, a survival benefit was observed with corticosteroid therapy in the smaller, earlier studies; however, more-recent, larger studies were not able to show a statistically significant effect.
In a predefined subgroup analysis of 4 studies, we examined the role of adrenal responsiveness, as previously defined. No statistically significant effect on mortality was seen in responders (36 
) (figure 4).
Sensitivity analyses, assessment of publication bias, and tests of heterogeneity. Sensitivity analyses were performed to examine cumulative and 1-study-removed meta-analyses. Sub- Effect of corticosteroids on 28-day all-cause mortality among patients with septic shock. Results are shown for all patients and for corticotropin stimulation test responders and nonresponders in subgroup analyses. In-hospital mortality was substituted for 28-day mortality in the study by Raurich et al. [30] . CI, confidence interval; df, degree of freedom. M-H, Mantel-Haenszel.
group analyses based on study quality (only randomized trials) and use of hydrocortisone were also performed. None of the analyses significantly altered our main results (data not shown). Degrees of heterogeneity that would preclude pooling of data were not present in any of our analyses; specific x 2 , I 2 , t 2 , and P values are provided in figures 2-4.
DISCUSSION
In this meta-analysis, corticosteroid therapy had no effect on 28-day all-cause mortality among patients with septic shock, regardless of adrenal responsiveness. However, the incidence of shock reversal at 7 days was significantly higher among patients who received corticosteroids than among control subjects and was similar among corticotropin stimulation test responders and nonresponders. Although we could not demonstrate improved survival, our analyses clearly demonstrate that corticosteroid therapy improves time to shock reversal in patients with septic shock and appears to be safe in these patients, with no evidence of a statistically significant difference in the incidence of superinfection.
Severity and duration of shock are considered to be important surrogate markers of mortality [31] [32] [33] [34] , although reversal of shock and improved survival were not associated in this meta-analysis. Reversal of shock, however, implies that vasopressor support is no longer required, which may facilitate transfer out of the critical care setting; this has implications for both patients (because of reduced risk of iatrogenic adverse events) and the health care system (because of decreased costs and better allocation of scarce resources). Reversal of shock, therefore, is a clinically relevant end point to consider and may be a worthwhile goal. The lack of harm, in that there was no statistically significant difference in mortality or incidence of superinfection between the corticosteroid and control groups, is similarly reassuring.
Despite synthesization of all the available data from the past 15 years, a conclusive answer regarding the use of corticosteroids for treatment of septic shock and its effect on mortality remains elusive. Previous studies have been limited by small sample sizes and lower than expected placebo event rates, resulting in inadequate power to detect a difference in mortality. Meta-analyses performed in the 1990s were unable to show a survival benefit with corticosteroid use for patients with sepsis [16, 17, 35] . Three more recent meta-analyses subsequently demonstrated a survival advantage with the use of low-dose corticosteroid therapy in patients with sepsis and septic shock, but statistically significant results were largely borne out in subgroup analyses [18, 21, 22] .
A meta-analysis by Minneci et al. [18] from 2004 was able to show a mortality benefit in 5 studies published from 1997 through 2002; 4 of these studies were included in our analysis [12, 13, 26, 27] . The fifth study, by Yildiz et al. [36] , was not included in our analysis, because it was not limited to patients with septic shock; patients with sepsis, severe sepsis, or septic shock were similarly enrolled, and specific mortality rates for each of these subpopulations were not reported.
In a meta-analysis by Annane et al. [21] , 16 randomized controlled trials met their inclusion criteria, although a survival benefit was only demonstrated in a subgroup of 4 trials of long courses of low-dose corticosteroid therapy. All 4 of these trials were included in our analysis [12, 13, 26, 27] .
Boyer et al. [22] were similarly able to demonstrate a reduction in 28-day mortality rates (RR, 0.88; 95% CI, 0.78-1.00;
) among patients with severe sepsis and septic shock P p .04 and among those treated with long courses of low-dose corticosteroids (RR, 0.76; 95% CI, 0.64-0.90;
). However, P p .002 this analysis was not restricted to only patients with septic shock.
We can only conclude, therefore, that our analysis resulted in far different conclusions, because we (1) restricted our analysis only to patients with septic shock and (2) included additional recent large trials, such as the CORTICUS trial. To definitively answer this important clinical question, an additional multicenter trial is required. Perhaps an individual patient data meta-analysis might similarly shed further light on this question.
Heterogeneity, as in any meta-analysis, affects the validity and generalizability of results. Potential sources of heterogeneity that we anticipated included differences in corticosteroid therapy (including type of corticosteroid, dose, timing of administration, duration of therapy, whether discontinuation of therapy was abrupt or tapered, and whether concomitant mineralocorticoid therapy was used [in some studies]), study quality, date of publication, differences in patient populations by adrenal responsiveness, and varying severity of disease at the time of presentation. We were unable to explore all of these potential sources of heterogeneity because of the limited number of studies.
We restricted our analysis to randomized controlled trials (thus excluding the 2 observational studies) and to trials in which hydrocortisone was the only corticosteroid used. This restriction did not alter our results (data not shown). We also performed cumulative and 1-study-removed meta-analyses, which similarly did not alter our results.
Differences in disease severity at the time of presentation resulted in heterogeneity in our analysis, which we were unable to account for. Direct comparisons of disease severity among the included studies were difficult, because multiple disease severity and/or organ dysfunction classification systems were used. Lower median disease severity scores and placebo-group mortality, however, were observed in the CORTICUS trial, which was one of the larger trials included in our analysis. Perhaps the overall lower disease severity contributed to the lack of survival benefit in this trial and in our meta-analysis.
Lastly, but perhaps most importantly, a stratified analysis of corticotropin stimulation test responders, compared with nonresponders, was defined a priori. The stratified analysis demonstrated a statistically significant increase in shock reversal at 7 days in responders and nonresponders. The complexity of the hypothalamic-pituitary-adrenal axis response in critical illness remains poorly understood, and diagnostic methods to assess its function remain inadequate. The corticotropin stimulation test, despite its widespread implementation, remains a poor indicator of hypothalamic-pituitary-adrenal function in patients with critical illness [37] . Changes in corticotropinbinding globulin, free cortisol, and tissue resistance that occur in critical illness are not assessed by the corticotropin stimulation test. For this reason and given the results of this metaanalysis, if clinicians want to reduce time to shock reversal with corticosteroid therapy in patients with septic shock, it should be done regardless of corticotropin stimulation test responsiveness.
Corticosteroid therapy appears to be safe for patients with septic shock; to date, no statistically significant difference in mortality or incidence of superinfection has been observed between patients who have received corticosteroid therapy and those who have not. Although corticosteroid therapy does not reduce mortality rates, it appears to consistently reduce time to shock reversal. Until more definitive trials are completed, corticosteroid therapy remains a reasonable and safe therapy for patients with septic shock.
